Introduction
============

Intentions constitute an essential building block of human action preparation, action initiation and action awareness. Conceptually, intentions can be defined as mental representations of an individual's upcoming volitional movement. These action representations lie at the basis of our diverse behavioral repertoire and are strongly influenced by learning. Sensorimotor processes become associated with the specific patterns of muscle activity they produce and their observable consequences on a perceptual, sensory, and motor level, allowing actions to be stored in memory together with their consequences. While these associations often operate under the radar of conscious awareness, bringing the action representation of an intention to consciousness increases the probability of preparing and initiating the associated action ([@B3]); as captured by the ideomotor principle ([@B30]; [@B27]; [@B46]). According to the ideomotor principle and also more recent theories such as the theory of event coding (TEC), action and effect are bound together by repetition of co-occurrence that eventually are mentally represented in terms of their causal relations ([@B29]).

What is more, intentions do not only serve the preparation and initiation of action but also hold an important role in promoting the awareness of action and the experience of self-agency (e.g., [@B24]). Being aware of one's actions and their consequences in the external world facilitates action planning and is crucial in sharing goals and feelings during social interaction ([@B10]; [@B23]). It thus does not come as a surprise that irregularities in intention formation and attribution are associated with disturbed action awareness and problems related to action planning and control (e.g., [@B13]; [@B49]). These irregularities are also reflected in subjective measurements of sense of agency -- the feeling that one is the agent of one's actions and their effects in the external world. Specifically, the sense of agency arises from intentional actions but is diminished for unintentional or reflexive actions ([@B38]; [@B4]; [@B18]).

Importantly, not only explicit agency reports, but also the implicit nature and manifestation of it are affected by intentionality. In an extension of the original study by [@B33] -- using an adapted version of the Wundt Clock to assess the awareness of single motor movements (e.g., lifting one's finger) -- recent studies have started to examine awareness of action in a context where movements have actual effects in the environment. They reliably find that volitional action (such as a key press) and an external stimulus (such as a tone) that follows the action at a short interval (250 ms) are shifted toward each other in temporal perception, causing the perceptual compression of the temporal interval between them. Illustrating the significance of volition, this temporal binding effect for operant actions has consistently been shown to be critically occurring for intentional (self-induced) actions and to be absent or weakened for unintentional (externally-evoked) actions, induced passively or by transcranial magnetic stimulation (TMS) ([@B28]; [@B20]; [@B14]). Theoretical explanations predominantly lean on forward prediction or comparator models of motor prediction, centering around the idea of an efferent copy of the motor command being send to an internal prediction model. The incoming external sensory effect of one's action is then being compared with the predicted sensory effect. A sense of agency is believed to arise in the case of a match between the predicted and the actual sensory effect. Similarly, in the case of a mismatch, absence of an agentic experience is expected ([@B13]).

Whereas being the currently most-widely accepted and plausible explanation for the evolvement of (implicit) agency experiences, these models seem to suggest an "all or nothing" mechanism, meaning that solely the absence or presence of an intention is assumed to shape and determine the manifestation of agency. Nevertheless, this construal of intentionality does not resemble reality in which individuals might hold stronger or weaker motivations to execute a specific action intention. Hence, whereas the role of intentionality of action in shaping the sense of agency has been unequivocally established, little attention has been given to the quality of these intentions. Aiming to fill this void, in the current paper we focus on this crucial aspect of intentions and investigate whether the sense of agency -- as reflected by temporal binding -- varies as a function of the (motivational) strength of intentions. The extent of temporal binding, we argue, does not only depend on the intention to action, but also on the strength with which people hold the intention in mind during the task or action context at hand.

In research on the philosophy of mind, intentions are often considered as entities to understand how the brain, mind, and body interact in producing observable behaviors in individuals ([@B44]; [@B19]; [@B16]). An important suggestion comes from [@B44], who made a distinction between prior intention (when an action is planned ahead to reach a goal or outcome) and intention in action (when an action is prepared and initiated in the task at hand) that are independently motivated. Whereas both types of intentions are important for actions to occur, intention in action is crucial for the emergence of action awareness. Following an empirical approach to predict the occurrence of intentional actions, theories in psychological science put forward the idea that intentions to engage in an action vary in strength, based on the expected value or importance of performing the action (e.g., [@B8]; [@B45]; [@B2]). Actions that are expected to be of higher subjective value (such as actions that are rewarded for their execution) are thought to accommodate stronger intentions than actions that are of lower subjective value ([@B22]). Stronger intentions have been shown to be better remembered, are more readily implemented, produce more effort in the case of obstacles, and are more sustainable ([@B25], [@B26]; [@B50]). In short, action intentions that carry more motivational strength are more likely to be enacted.

Recently, research has started to explore the motivational underpinnings of intentions and their role in shaping the sense of agency. Several studies have indicated that motivational manipulations such as variations in the value of action outcomes can affect temporal binding, although the direction of these effects is not always clear. Some studies found that binding increased when an individual's intentional action caused financial gains as compared to financial losses ([@B47]) or is followed by positive (versus negative) emotional outcomes ([@B53]; but see: [@B41]; [@B39]; for no differences in effects of emotional valence). Contrary though, intentional binding was shown to also increase for severely as compared to moderately negative (moral) outcomes ([@B40]). Investigating the sense of agency in a coercion setting, [@B17], on the other hand, demonstrated that intentional binding was unaffected by the outcome valence when individuals intentionally inflicted financial or physical pain on another participant and were not forced to do so ([@B17]).

Whereas suggestive, these findings do not directly speak to the role of intentional strength in action. They suggest an influence of value or importance variations of the action-outcomes on the implicit sense of agency, but they do not isolate the role of intentional strength in action from the outcome of action: participants in these studies are instructed to focus on different outcomes of actions, rather than the action itself, which confounds intention in actions with prior intentions. Put differently, the differences in binding strength could either be explained in terms of retrospective cognitive influences based on the value and type of outcomes or by an increase in strength of intention to execute the action. Hence, to test the role of strength of action intention in intentional binding, one should not vary the value and type of outcomes, but keep the outcome neutral and constant.

Circumstantial evidence for the role of intentional strength in the sense of agency was obtained by [@B2], who examined the effect of incidental processing of positive (vs. neutral) affect on executing action intentions in an operant action task on intentional binding. In their study, participants were briefly exposed to neutral or positive pictures before their preparation and enactment of the intention to press the spacebar on a keyboard which resulted in the presentation of one single tone. They capitalized on the notion that positive stimuli serve as a rewarding motivational drive, increasing striatal dopamine functioning. Striatal dopamine facilitates sensorimotor processes that play a role in the actual initiation of an action, the processing of outcome feedback and the experience of operant action ([@B21]; [@B9]; [@B2]). In line with this notion, they established that positive affect enhanced the temporal binding between the intended key press and the resulting tone. It should be noted, though, that the positive affective stimuli were irrelevant for the action intention, and hence, it remains unclear whether the indirect effect on intentional binding is the result of increased intentional strength or due to induced positive affect.

In the current research, we aimed to more directly test the influence of the motivational aspect relating to intentional strength on action awareness by addressing its influence on temporal binding. In doing so, we manipulated intentional strength directly in a task where two actions were differently rewarding, while both resulted in a neutral and fixed single outcome. Using monetary rewards to manipulate intentional strength, we induced a motivational preference for one action over another, otherwise identical, action. In comparison to other studies, we thus did not compare positive or negative action outcomes, such as gains and losses, but orthogonally manipulated the motivation of the actions itself by manipulating their expected value. In a counterbalanced within-subjects design, participants learned that a key press was more frequently rewarding (80% reward probability) than an alternative key press (20% reward probability). That is, any effects would not be due to differences in the direction of the valence of the outcome of the actions (e.g., negative or positive) but solely due to strengthened intentions to execute a specific action based on their expected rewarding quality (left versus right key press). Following, we hypothesized the more rewarding action to carry more intentional strength and thereby increasing intentional binding of the action and the neutral effect.

Materials and Methods {#s1}
=====================

Participants and Design
-----------------------

Thirty-six participants^[1](#fn01){ref-type="fn"}^ (*M~age~* = 21.64, *SD~age~* = 4.42 years) with normal or corrected to normal vision took part in the experiment in exchange for monetary reimbursement. The experiment employed a 2 (target of judgment: action vs. effect) × 2 (type of trial: baseline vs. operant) × 2 (reward frequency of key: low reward frequency vs. high reward frequency) within-subjects design.

The experiment was carried out in accordance with the guidelines of the declaration of Helsinki and approved by the ethical committee of the Faculty of Social and Behavioral Sciences, Utrecht University, as part of an overarching ethical application covering a project line using the Libet clock task (ethics approval code FETC17-124). All participants gave written informed consent.

Procedure
---------

Participants were sat in separate cubicles, approximately 60 cm away from a computer screen. The experiment was programed using Eprime 2.0 and all instructions were provided on screen. To assure adherence to the instructions, the experimenter was present during the whole duration of the experiment.

Participants completed three different experimental stages in sequential order: a preference induction phase, a tone acquisition phase and four randomized blocks of intentional binding trials.

### Preference Induction

The experiment utilized two different actions, pertaining to key presses ('x' vs. 'n') on a QWERTY keyboard. Key presses had different statistical probabilities to yield a monetary reward of five Eurocent. For each participant, one of the keys ('x' vs. 'n') was of 'low reward frequency' (20% reward probability) whereas the other was of 'high reward frequency' (80% reward probability), equaling average expected rewards of one and four Eurocent respectively. Participants were explicitly informed about these fixed probabilities. Key -- reward probability mappings were counterbalanced across participants.

Before the beginning of the actual experiment, participants completed 40 induction trials. Each trial began with the Dutch equivalent of the statement "The following key press is worth 5 \[0\]) Eurocent" presented in the middle of the screen for 3000 ms, followed by a command to press either the 'x' (left) or 'n' (right) key on the keyboard. This command stayed on screen until participants had pressed the correct key. Key presses were equally distributed across the total amount of induction trials (i.e., 20 trials per key). The aim of the induction trials was to induce a distinct preference for the high reward frequency key over the low rewarding key in participants.

### Tone Acquisition Phase

Subsequently, participants learned that both key presses have the same causal effect -- a neutral 1000 Hz sinus tone of 100 ms length. To avoid confounding intentional strength with effect identity, it was emphasized that the tone (identity) would not signal reward obtainment, meaning that the reward was solely linked to the action executed.

In total, participants completed 10 practice trials (five trials per key press). Each trial began with a command to press a key which remained on screen until participants pressed the correct key. Participants' key press was then followed by the 1000 Hz sinus tone 250 ms later. Because the purpose of these trials was only to acquaint participants with the effect of their key presses, they were not rewarded.

### Intentional Binding Trials

Following, the actual experiment started. In total, participants completed four randomized intentional binding blocks -- two baseline blocks (baseline action, baseline effect) and two operant blocks (operant action, operant effect). Each block consisted of 40 experimental trials and five practice trials which were not included in the analysis, resulting in a total of 180 trials. Trials in which participants had to press a key (baseline action, operant action, operant effect), began with a command indicating which key to press, presented in the center of the screen for 2000 ms. Both key presses were distributed equally across trials, resulting in 20 trials per key. The order of trials within a block was randomized.

Next, the clock face appeared on the screen. Trials used an adapted version of the Libet clock method ([@B33]). Participants attended to a dotted clock face, composed of 40 gray dots arranged in a circle with a diameter of six cm from the center of the screen. A black dot that moved at a period of 2560 ms per rotation served as the clock hand. The clock hand started moving from a random position on the clock face. To assure attentional focus, participants were instructed to wait with pressing the key until the clock hand had completed one full rotation and vary the moment of their key presses across trials. In operant trials, the key press was followed by the 1000 Hz sinus tone 250 ms later. In baseline action trials, the key press was not followed by the tone. In baseline effect trials, participants did not execute an action but the tone was played at a varying moment between 2560 and 5120 ms after the initial presentation of the clock face.

Before disappearing, the clock hand rotated further for 1000 ms to avoid that participants would simply report the last remembered position of the clock hand. After the disappearance of the clock hand, a prompt to judge the temporal onset of the target (i.e., key press or tone) using the mouse cursor appeared in the middle of the clock face. After a time judgment had been made, the clock face disappeared and reward feedback was presented in the middle of the screen. Reward frequencies were the same as in the preference induction phase (20 vs. 80% for the low and high reward frequency key respectively). In effect baseline trials, rewards were randomly distributed across trials, resulting in 50% of the trials being rewarded and the same averaged expected reward value as in other blocks. The inter-trial interval was set to 1000 ms.

At the end of experiment, participants filled in several questions pertaining to their demographics such as age, handedness and gender as well as their overall motivation. Finally, they were thanked for their participation and reimbursed.

Results
=======

Data Set and Variables
----------------------

Following [@B2], time judgments that exceeded or preceded the actual value of the clock hand by 640 ms (i.e., 10 dots) were excluded from analysis as they were likely to be due to inattentiveness of the participant. Less than one percent (0.31%) of the trials was excluded based on this criterium.

Results
-------

Separate mean judgment errors in milliseconds were calculated for the different cells of the design and subjected to a repeated measures ANOVA with target, type of trial and reward frequency of the key as within-subjects factors. Results revealed a significant main effect for target, *F*(1,35) = 4.63, *p* = 0.04, $\mathit{\eta}_{\mathit{p}}^{2}$ = 0.12. That is, the temporal perception of key presses (*M~action~* = 17.28, *SD~action~* = 49.92) was delayed whereas tones (*M~effect~* = -7.23, *SD~effect~* = 57.98) were anticipated. Moreover, the intentional binding effect was replicated, *F*(1,35) = 40.19, *p* \< 0.001, $\mathit{\eta}_{\mathit{p}}^{2}$ = 0.54. Temporal perception of key presses was later in operant trials (*M~actionoperant~* = 39.62, *SD~action\ operant~* = 70.27) than in trials in which the key press was not followed by the tone (*M~actionbaseline~* = -5.06, *SD~action\ baseline~* = 43.78), *p* \< 0.001. Similarly, tones that were initiated by a key press were perceived to occur earlier in time (*M~effect\ operant~* = -33.86, *SD~effect\ operant~* = 78.34) than tones that did not follow an action (*M~effect\ baseline~* = 19.46, *SD~effect\ baseline~* = 58.37), *p* \< 0.001.

This was further qualified by a three-way interaction between target, type of trial and reward frequency of the key press, *F*(1,35) = 6.17, *p* = 0.02, $\mathit{\eta}_{\mathit{p}}^{2}$ = 0.15 (see [Figure 1](#F1){ref-type="fig"}). Simple main effects analysis revealed that the effect was driven by tone binding. That is, the temporal perception of the action in both, baseline and operant trials, was not altered when a low or a high reward frequency key was pressed. Interestingly though, tones that were caused by an action were perceived earlier when the key was more frequently rewarding (*M~high\ rewarding\ key~* = -38.02, *SD~high\ rewarding\ key~* = 81.27) as compared to when the key was less frequently rewarding (*M~low\ rewarding\ key~* = -29.76, *SD~low\ rewarding\ key~* = 76.4), *p* = 0.02. That is, intentional binding was stronger for trials in which participants executed an action that was more frequently rewarding as compared to trials in which the action was less frequently rewarding.

![Mean judgment errors in ms for action and effect across type of trial and reward frequency of the key. Bars represent standard errors of the mean. ^∗^*p* = 0.02.](fpsyg-10-01124-g001){#F1}

Discussion
==========

The general importance of intentionality for the emergence of action awareness and agentic experiences has been widely established, with sense of agency being diminished when intentionality is absent. Interestingly though, little research has examined the influence of the quality of these intentions -- or intentional strength -- on (implicit) agency. Aiming to fill this void, in the current research we investigated how the implicit experience of self-agency changes when the operant action is enacted by stronger versus weaker intentions based on the expected value of the action. Confirming our hypothesis, temporal binding indeed increased for trials on which participants pressed a frequently rewarded key, suggesting a magnified implicit sense of agency. More specifically, the temporal onset of the outcome was significantly anticipated whereas the perception of the temporal onset of the action was not significantly altered. Thus, we were able to demonstrate that not only the presence of intentions, but also their motivational value alters the implicit processes of the sense of agency.

Our findings are in line with theoretical frameworks emphasizing the importance of motivational relevance in intention formation, such as the relevance of a representation framework (ROAR), which suggests that action representations carrying a stronger motivational value are more actively held in mind and thus also more likely to influence behavior and experiences ([@B22]). Generally, subjectively more relevant stimuli evoke brain activity significantly earlier than subjectively less relevant stimuli (e.g., [@B43]; [@B42]), which facilitates intention formation and action execution. In our experiment, the action cue for the high reward frequency key would be such a motivationally relevant stimulus, activating a strong action representation and giving rise to an enhanced efference copy. This, in return, would cause a more pronounced intentional binding effect. On a neurobiological level, this can be explained in terms of a dopaminergic boost. The action cue at the beginning of a trial carries reward-related information which causes dopaminergic activation in the ventral striatum. This dopaminergic activation facilitates the transferal of information from the pre-frontal cortex to cortical motor areas, affecting voluntary action as well as the awareness thereof ([@B42]; [@B2]).

Although speculative, such an explanation in terms of increased action preparation would also be in line with earlier research on inter-individual differences in the experience of intentionality and free will beliefs in agency contexts. Specifically, past research showed correlations between intentional awareness and brain activation related to motor preparation for individuals who are assumed to enjoy high levels of internal insight (e.g., meditators; [@B31]), as well as demonstrated that these differences can affect the implicit sense of agency. A study by [@B36], for example, found that intentional binding was stronger for experienced meditators who find practicing mindfulness pleasurable, than for controls ([@B36]). In addition, beliefs in free will have been linked to intentional binding, which is explained in terms of a motivational or cognitive orientation toward the results of action intentions ([@B6]; [@B37]). Together, these findings suggest that stronger experiences of intentions have a special status in motivating people toward preparing actions and tuning them for predicting or anticipating feedback information that will result from enacting intentions. On this view, intentional strength increases the sense of agency by motivational (action preparation) as well as cognitive (effect anticipation) processes.

There is previous research that concurs with the findings reported in the present paper. Specifically, motivation manipulations have been used to increase the value of outcomes of actions, and to test the role of such motivational enhancement on intentional binding. The general gist of these studies is that outcome importance modulates binding between action and outcome under free (voluntary) as well as coercive (involuntary) conditions of behavior ([@B47]; [@B53]; [@B17]; [@B39]). While these finding are supportive of the role of intentional strength, it is not clear whether they are due to motivational enhancement of action intentions or prior intentions. Teasing these two different accounts apart is important: they might shed light on the question whether action awareness is a direct function of the strength of intention in action and the subsequent preparation and initiation of it ([@B32]), or relies on a prior intention that includes information about the importance of outcomes of action. As has been argued and shown, prior intentions increase attention to, and strengthen anticipation of desired outcomes ([@B1]), and readily evoke a retrospective inference process after action execution that produces post-conscious thoughts about agency and behavior ([@B52]; [@B5]). On this view, prior intentions effects on intentional binding are not the result of motivational processes *per se*, but could rather be considered as cognitive effects in which humans use causal knowledge about their action and potential effects to inform themselves about agency.

Whereas our findings favor an intentional strength account for action, we would like to address a few issues that limit the interpretation of the results of our study. The first issue relates to the absence of free choice in action selection. We wanted to ensure that intentional strength rather than preferences would modulate the intentional binding effect. Since preferences would however always confound free choice, we controlled for action preferences by instructing participants which key to press on a given trial. Nonetheless, it could be argued that this absence of free choice in action selection does not allow for, or at least negatively impacts, intention formation. Research by [@B12], for example, showed decreased intentional binding when participants had limited action alternatives ([@B12]). Nevertheless, binding, albeit decreased, did not disappear for conditions in which individuals were given moderate action selection options or no choice. Furthermore, it is important to note that the original intentional binding study ([@B28]) established a strong and replicable intentional binding effect, even though only one key could be pressed, and no other choice alternatives that causally linked the action to the effect existed ([@B28]). This suggests that for intentional binding to arise, it suffices to hold an intended action in mind and to choose the moment to act on this intention ([@B15]). Thus, while action intentions were externally provided by instructions rather than self-generated, participants could choose to time their action that, in principle, represents the intention in action upon one's own will ([@B44]).

Another related issue that needs to be addressed concerns the question of whether externally induced action intentions can be viewed as being rooted in the intentionality of action at all. To answer this question, one needs to assume that external (instructed) and internal (self-chosen) intentions differ in their effects on behavior. Whereas self-generated and externally generated intentions might differ in their phenomenological experiences, research suggests that both type of intentions can have similar effects on behavior. Research on goal-setting theory, for example, shows that self-assigned and other-assigned goals do not necessarily result in performance differences, especially when both types of goals are important ([@B34], [@B35]). Furthermore, there is recent empirical evidence that externally induced action intentions can produce similar effects on intentional binding as self-generated action intentions ([@B51]). In an attempt to examine intentional binding effects in a Simon task, [@B51] asked participants to respond immediately to a cue, causing a tone to occur. Thus, whereas knowledge about the causal relation between action and effect was present, both choice and timing of the action were fully pre-determined. Their findings demonstrated that even under such strong externally forced action intentions, intentional binding occurred to a similar degree as found for self-timed intention effects.

These findings raise the question of whether intentions should only be defined in terms of what, when and whether at all, or whether other factors might be more important and decisive in binding action and effect together and creating a sense of agency, such as causal beliefs and other knowledge-based predictions about action and effects ([@B48]; [@B20]). Indeed, it has been repeatedly argued that such beliefs and knowledge play a pivotal role in the way people form intentions and consider themselves as active agents that can engage in action performance to realize their intentions and goals (e.g., [@B11]; [@B7]). Thus, whereas rewards might create stronger intentions for future actions during learning, the enhanced intentional strength itself might render causal beliefs more salient, supporting people to more strongly predict the effects of their actions, leading to a stronger sense of agency.

Conclusion
==========

We observed that actions that are more rewarding led to a stronger sense of agency in an intentional binding task. These effects could not be attributed to preferences for actions or their effects. The mere fact that stronger action intentions led to stronger intentional binding suggests that intentional strength is associated with action awareness: individuals might become more readily aware of actions that are furnished with strong intentions. We do not know yet whether this intention-action-awareness relationship results from motivational or cognitive mechanisms. However, we hope and believe that the concept of intentional strength might offer an important addition to the study of intentional binding in general, and more specifically to the understanding of how intentionality is represented in the conscious awareness that people have in experiencing themselves as the agent of their own behavior.
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The sample size was therefore based on similar study in our lab, *n* = 28 ([@B2]). Since most previous studies testing moderator effects on intentional binding used smaller samples, we aimed to ascertain that we test a sufficiently large sample.
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